Prepartum cervical ripening is associated with remodeling of collagen structure and with inflammation. Progesterone withdrawal is critical for parturition, but the effects of progesterone decline on cervical morphology are unknown. The present study tested the hypothesis that progesterone withdrawal promotes processes associated with remodeling of the cervix. Adult, virgin, female C57BL/6 mice received silastic capsules with oil vehicle or estradiol plus progesterone to parallel concentrations in circulation during pregnancy. After 17 days of estradiol and progesterone treatment, the progesterone implant was removed from one group. Mice in each group were killed 15, 18, or 19 days after placement of capsules. Sections of cervix were stained for collagen, and the densities of macrophages, neutrophils, and area with nerve fibers were assessed. Treatment with gonadal steroids promoted hypertrophy of the cervix, as well as reduced collagen and increased area with nerve fibers compared with vehicle-treated controls. Removal of the progesterone capsule did not affect hypertrophy or innervation, but it did reduce collagen. By contrast, significantly more macrophages and neutrophils were present in the cervix on Days 18 and 19 (i.e., by 24 and 48 h after withdrawal of the progesterone capsule); the immune cell census was equivalent to that in vehicle controls. Findings indicate that gonadal steroids, comparable to those during pregnancy, promote hypertrophy and suppress immigration of immune cells in the cervix. Therefore, in a nonpregnant murine model for parturition, progesterone withdrawal is suggested to recruit immune cells and processes that remodel the cervix.
INTRODUCTION
As a gatekeeper for pregnancy, the cervix maintains a structural barrier that protects the developing fetus in the uterus and then, as pregnancy nears term, softens and dilates to facilitate birth. Gonadal steroids are essential for the growth of reproductive tract structures during pregnancy, whereas loss of progestational effects appears critical for decreasing collagen content and fragmentation of collagen structure, processes that define remodeling of the cervix before birth [1] [2] [3] [4] . Evidence suggests that progesterone alone sustains pregnancy in rodents [5] [6] [7] and humans [8, 9] . In the cervix, estrogen-induced collagenolysis is countered by treatment with progesterone [10] , and regulation of steroid metabolism promotes progesterone-dependent gene activity over processes that are mediated by estrogen [11] . In contrast to evidence that estrogen does not reliably induce ripening of cervix [12, 13] , birth consistently follows a decline in systemic progesterone concentrations at term in rodents and ungulates [14, 15] . For primates, although progesterone in circulation does not decline at term, recent findings indicate that local withdrawal of progesterone may be mediated by a shift in progesterone receptor isoforms early in the process of parturition [16] [17] [18] [19] . A significant decline in progesterone receptor proteins has been reported in the cervix of women prior to parturition [20] . Furthermore, in many species, treatment with antiprogestational agents results in cervical ripening and preterm delivery [21] [22] [23] [24] .
Given the importance of gonadal steroids for maintenance of an unripe cervix and the apparent requirement for progesterone withdrawal in the process of parturition, little is known about the influence of these steroids on cellular morphology of the cervix. Effects of progesterone withdrawal on the cervix are important because the dynamic restructuring of the cervix that occurs in preparation for birth resembles an inflammatory process. Loss of immunosuppressive effects of progesterone may account for the increased presence of immune cells and proinflammatory mediators, as well as greater leukocyte collagenase activity in the cervix [25, 26] . Thus, the objective of the present study was to test the hypothesis that morphological characteristics associated with remodeling of the cervix are mediated by progesterone withdrawal.
MATERIALS AND METHODS

Animals and Treatment
Adult, female, nonpregnant C57BL/6 mice (n ¼ 48) from Harlan Sprague Dawley Inc. (Indianapolis, IN) were housed in a light-and temperaturecontrolled room with access to food and water (12L:12D; lights on at 0700 h Pacific Standard Time). Experimental procedures were Institutional Animal Care and Use Committee approved and conformed to the National Research Council standards for care and use of laboratory animals.
To simulate concentrations of gonadal steroids during pregnancy and parturition, silastic capsules (1.57 mm inner diameter, 3.18 mm outer diameter) containing peanut oil vehicle (control; 20 mm) or estradiol (E; 20 mm; 10 lg/ ml oil), and another containing progesterone (P; 1 cm; 1 g/ml oil) were implanted in the mice. The protocol for preparation of silastic capsules followed previously described procedures [27, 28] . The capsule was inserted subcutaneously in the dorsal rump via a small incision between the scapulas (Day 0). After 15 days of treatment, mice in the control and E þ P groups were deeply anesthetized with nembutal (2 mg/kg; Abbot Laboratories, North Chicago, IL), and a blood sample was taken from the left ventricle. Warm saline followed by fresh 4% paraformaldehyde at 25 ml (n ¼ 5-6 each) was perfused through the hearts of the mice. On Day 17 after treatment, the progesterone capsule was removed from half of the mice in the E þ P group to simulate the reduction in serum progesterone near term (E À P). On Days 18 and 19 of the study, five to six mice in each of the three groups were anesthetized, and a blood sample was drawn from each and perfused as described above. Thus, cervices were taken from mice in the Day 18 E À P and Day 19 E À P groups at 24 or 48 h after removal of the progesterone capsule, respectively. With respect to gonadal steroid in circulation, the experimental design directly paralleled a study in mice in which estradiol in circulation was sustained, whereas progesterone and gonadotropin concentrations were reduced by termination of pseudopregnancy [29] .
Processing of Blood, Cervix, and Collagen Analysis Blood samples were stored overnight at 48C. Serum was harvested and stored at À208C until it was assayed in duplicate for progesterone (catalog no. TKPG1; Siemens Medical Solutions Diagnostics, Deerfield, IL). Assay sensitivity was 40 pg/ml, whereas interassay and intraassay variabilities were ,10%. The volume of blood collected was not sufficient to assess serum estradiol concentrations, although similar treatments suppress gonadotropin concentrations in circulation [30, 31] .
The cervix was excised, postfixed overnight, and embedded in paraffin. Cervices were sectioned at 10 lm and stained with picrosirius red dye to identify collagen fibers and structure as previously described [32, 33] . Other sections were processed by immunohistochemistry to identify macrophages (BM8 at 1:800; Bachem Americas Inc., Torrance, CA) or neutrophils (7/4 at 1:100; AbD Serotec, Raleigh, NC) or nerve fibers (peripherin at 1:500; Novus Biologicals Inc., Littleton, CO) as described previously [14, 26, 32, 34] . As discussed previously, these antibodies are highly specific for respective intended markers [14, 34] . Sections processed for immunohistochemistry were counterstained with hematoxylin and eosin to visualize cell nuclei and structure of cervix. As in previous studies in rodents, cell nuclei were counted in photomicrographs in three different fields of view in three sections, representing an area of 175 550 lm 3 from each mouse (Image Pro-Plus 6.0; Media Cybernetics, Bethesda, MD).
For collagen analysis, color photomicrographs of polarized light-illuminated sections were digitized to a grayscale image. The average optical density was determined in nine adjacent but nonoverlapping grids [34, 35] . As elucidated previously in nonpregnant and pregnant rodents [14, 32] , areas of high collagen content and complexity displayed white regions of low optical density, whereas low collagen content and fragmented structure were dark, with higher optical density. For each mouse, optical density was normalized to cell nuclei density in the cervix to account for individual variability in hypertrophy of cervix.
Immune Cells and Nerve Fibers in the Cervix
Macrophages and neutrophils were identified visually by bright-field microscopy as dark brown cellular stain surrounding a hematoxylin-eosincounterstained nucleus. The procedure for automated counting of immune cells in sections of cervix from each mouse (excluding epithelium, blood vessels, and lumen) has been detailed previously [14, 34] . The area of cervix analyzed in eight nonoverlapping placements of a 10 3 10 grid in three sections per mouse was 93 025 lm 2 (in each 10-lm section thickness). As before, the number of cells per area of cervix was normalized to cell nuclei density for each individual to account for hypertrophy and hyperplasia of the reproductive tract tissue. Morphological characteristics of all cervices were assessed for estrus cycle phase in sections stained for macrophages in vehicle controls or for effects of gonadal steroid treatment based on previously described criteria [36] .
Nerve fibers were seen as punctate brown stain-likely nerve processes in cross-section-or as dark, fine strands with occasional spherical varicosities. In three sections from each cervix per mouse, eight nonoverlapping vertical and horizontal grid placements were evaluated (area of tissue, 152 100 lm 2 ). Boxes that contained peripherin fibers were counted, and the area of tissue that contained nerve fibers was summed. Nerve fiber density was normalized for cell nuclei density to correct for the hypertrophy of tissue with pregnancy as described previously [14, 32, 34] .
Statistical Analyses
Data were normally distributed (P . 0.05, Levene test for homogeneity of variance) and, with an ANOVA main effect of P , 0.05, select individual comparisons were made with the least squares difference test or with a Student t-test (SPSS statistics software; SPSS, Chicago, IL). Optical density data were not normally distributed, and the Kruskal-Wallis test was used to evaluate statistical significance.
RESULTS
In mice implanted with gonadal steroid-filled capsules, serum progesterone was significantly elevated compared with that in vehicle controls or mice after removal of the progesterone-filled capsule (P , 0.05 ANOVA, F ¼ 17.85, df ¼ 5; Fig. 1 ). Progesterone concentrations were equivalent to the peak reported previously during pregnancy in mice [37] .
Effects of Gonadal Steroids on Cervix Morphology
Based on morphological characteristics and thickness of the luminal epithelium, most vehicle-treated mice had increased numbers of proliferative cell layers typical of estrus and stimulation by ovarian steroids. Only 4 of 16 mice had thin epithelium typical of diestrus, characteristic of a reduced presence of ovarian steroids. Parameters associated with remodeling were not significantly different between mice in estrus or diestrus, and data were combined for the vehicletreated group in subsequent analyses. Cervices from all mice implanted with estradiol and/or progesterone were comparable to sections from mice in estrus with respect to proliferation of multiple stratified layers of epithelial cells.
Gonadal steroids induced hypertrophy and reduced collagen in the cervix from nonpregnant mice. Treatment with estradiol and progesterone for 15 days significantly reduced the number of cell nuclei per area of tissue compared with that in vehicletreated controls (P , 0.05, ANOVA, F ¼ 10.362, df ¼ 5; Fig.   2, top) . This reduced density of cell nuclei persisted on Days 18 and 19 of treatment. Cell nuclei density was not affected 24 or 48 h after removal of the progesterone capsule. Similarly, reduced collagen was indicated by the significant increase in the optical density of picrosirius-stained sections of cervix in all groups of mice treated with estradiol and progesterone compared with the vehicle group (P , 0.05 ANOVA, F ¼ 8.785, df ¼ 5; Fig. 2, bottom) . Compared with mice treated with both gonadal steroids, removal of the progesterone capsule further increased optical density, significantly so by 48 h. Thus, withdrawal of progesterone did not affect hypertrophy, but it reduced collagen fibers in the cervix compared with vehicle controls or mice treated with both estradiol and progesterone.
Effects of Gonadal Steroids on Immune Cells and Nerve Fibers in the Cervix
BM8-labeled macrophages and 7/4-labeled neutrophils populated the cervix of nonpregnant mice in the subepithelial stroma, between smooth muscle in the perimetrium, and around blood vessels. The presence of immune cells varied with treatment (Fig. 3) . As shown on Day 18 of study, fewer immune cells were seen in cervices from mice treated with estradiol and progesterone than in vehicle controls. Occasional clusters of neutrophils were apparent along the subepithelial interface with stroma, but there was no consistent increase in density with respect to treatment. Removal of progesterone was associated with a greater abundance of both macrophages and neutrophils. With regard to innervation, treatment with estradiol and progesterone was associated with an increased FIG. 3 . Photomicrographs of macrophages (top row), neutrophils (middle row), and nerve fibers (bottom row) in the cervix of mice treated for 18 days with vehicle (control) or with estradiol and progesterone (EþP), or at 24 h after removal of the progesterone capsule (E-P) as described in Figure 2 legend and Materials and Methods. Under brightfield microscopy, BM8-stained macrophages and peripherin-stained nerve fibers appeared black in the photomicrograph, but they reflected dark brown against a light blue hematoxylin counterstain in tissue sections. e, epithelium; s, stroma. Bar ¼ 50 lm.
PROGESTERONE WITHDRAWAL AND REMODELING OF CERVIX
presence of nerve fibers, as well as elongated and thicker fibers relative to those in vehicle-treated mice. The morphology and appearance of nerve fibers were similar to those observed in groups before and after removal of the progesterone capsule.
Based on stereologic analysis, immune cell numbers in the cervix were suppressed by gonadal steroid treatment and enhanced by progesterone withdrawal. After 15 days of estradiol and progesterone capsule implantation, significantly fewer macrophages and neutrophils were present in the cervix (P , 0.05 ANOVA; macrophages, F ¼ 6.413, df ¼ 5; neutrophils, F ¼ 8.435, df ¼ 5; Fig. 4) . Although additional days of treatment with gonadal steroids did not affect the census of immune cells in the cervix, significant increases in the numbers of macrophages and neutrophils in the cervix were found within 24 h and at 48 h after removal of the progesterone implant. The density of immune cells in the cervix of mice with an estradiol capsule only was equivalent to that in vehicle controls. By contrast, the area of cervical tissue with nerve fibers increased after treatment with gonadal steroids compared with that in vehicle controls (P , 0.05 ANOVA, F ¼ 11.653, df ¼ 5). The area of innervation of cervix was not different in groups with estradiol and progesterone at Day 15, 18, or 19 of study or in the cervix from mice after removal of the progesterone capsule.
DISCUSSION
The present study provides evidence to indicate that in a nonpregnant murine model of parturition, gonadal steroids regulate the census of immune cells in the cervix. With a decline in serum progesterone that is similar to that in mice at term [37] , the findings support the hypothesis that progesterone withdrawal recruits immune cells into the cervix. Increases in macrophages and neutrophils occurred in the cervix, even though cell nuclei numbers were unchanged whether or not progesterone was present. This increase in immune cells parallels reports in pregnant rodents where peak numbers of macrophages and neutrophils were present in the cervix by the day before birth [14, 26, 34, 38] , a period when serum progesterone has dramatically declined. These studies raise the possibility that loss of an immunosuppressive effect of progesterone may be necessary for immigration of immune cells into the prepartum cervix, a critical aspect of the inflammatory process for cervical remodeling.
Prior to withdrawal of progesterone, the census of immune cells in the cervix was reduced by treatment with gonadal steroids. Significantly fewer macrophages and neutrophils were present in all groups of estradiol and progesterone-treated mice than in vehicle-treated controls or mice with only an estradiol capsule. This stable but reduced population of resident immune cell numbers is consistent with a long-recognized role for progesterone as an anti-inflammatory and immunosuppressive agent to inhibit neutrophil migration into the rodent uterus [9] . The decline in immune cell numbers, however, was accompanied by a reduced number of cell nuclei per area of tissue. Reduced numbers of cell nuclei per field of view replicate findings in the sheep cervix after treatment with estradiol and progesterone implants [39] . Thus, gonadal steroids promoted hypertrophy of the cervix in nonpregnant mice and sheep. These data are directly comparable to evidence in Day 15 pregnant mice in which the census of immune cells in the cervix is reduced or unchanged as cell nuclei density is diminished compared with that in nonpregnant controls [14, 32, 34] . These findings raise the possibility that the presence of high concentrations of estradiol and progesterone, as in the present study or during pregnancy, may limit the number and, possibly, the capability of immune cells to remodel the extracellular matrix and promote proinflammatory activities in the cervix.
With regard to remodeling of the cervix, cell nuclei density and thickening of epithelium increased in all groups treated with estradiol and progesterone. Lack of effect of removal of the progesterone implant on these morphological characteristics may reflect the actions of estradiol because progesterone has little influence on hypertrophy or collagen remodeling in cervix [40, 41] . Moreover, optical density of collagen birefringence in the cervix was shown for the first time to increase after treatment with gonadal steroids, an indication that collagen content and structure were reduced. These findings challenge the expectation that an unremodeled cervix is sustained by gonadal steroids. Rather, significant remodeling does occur before term, based on studies of the cervix during pregnancy as pregnancy progresses toward term [1, 4, 14, 32, 42] and in pregnant Ptgfr À/À (official designation Ptgfr tm1Aic ) mice (PGF2a receptor knockout), in which progesterone withdrawal and birth are forestalled. In Ptgfr À/À mice, the optical density of cervical sections increases with the same time course as that in controls that gave birth [14, 34, 43] . Although increased optical density coincides with a prepartum decrease in collagen content and structure, it is conceivable that in Ptgfr À/À mice, as well as in the nonpregnant mice treated with gonadal steroids in the present study, the optical density of polarized light from picrosirius-stained sections of cervix reflects hypertrophy of cells to a greater extent than either degradation of collagen or reduced structure of collagen fibers. This idea draws from a previous distinction between passive versus active remodeling which depends on the composition of the collagen fiber mesh and proteoglycans that contribute to viscoelastic properties of the cervix [25, 33] . The increase in optical density of the cervix before birth in pregnant Ptgfr À/À mice with delayed birth, as well as in the present study, may reflect a reduction in collagen content and structure that is associated with the biophysical capabilities of ripening [44] . Thus, to complete the process of remodeling, the cervix may require progesterone withdrawal to promote sufficient collagen breakdown and ripening. This contention is supported by the present study, where removal of the progesterone capsule increased optical density after 48 h, as well as by the previously published report in which progesterone withdrawal induced by the receptor antagonist mifepristone decreased collagen structure and reduced tensile strength (i.e., greater extensibility) of the cervix [3, 24] . The present study adds to evidence that the role of progesterone withdrawal in the process of cervical remodeling is at least in part proinflammatory, because increased optical density consistently coincides with the increased presence of immune cells, not only in the present study by 48 h after withdrawal of the progesterone capsule but in previous reports in rodents where progesterone in circulation declines before birth.
By contrast, the findings do not support the contention that progesterone regulates innervation of the cervix. Compared with vehicle controls, an increase in the presence of nerve fibers in the cervix occurred whether or not the progesterone capsule was present. During pregnancy, cervical innervation is reported to increase between Day 15 and the day before birth in mice [14, 32] and rats [45] , a period when serum concentrations of progesterone peak, then decline. Although the elongation of axons or the morphology of nerve fibers in the cervix may be independent of progesterone, other effects of this gonadal steroid on noradrenergic innervation [46] or myelination and synaptic connections between neurons have been reported [47, 48] . Conversely, estradiol treatment was associated with an increased density of nerve fibers in the cervix whether or not progesterone was present or compared with vehicle controls. Evidence that estradiol promotes axon outgrowth by sensory dorsal root ganglion neurons [49] is relevant to the present study because the cervix receives neural input from dorsal root ganglia in the lower thoracic and lumbar regions of the spinal cord [45, 50] . Thus, the present findings implicate estradiol as important for regulating morphological features of nerves in the cervix. The possibility that activities of these nerves may be affected by gonadal steroids cannot be excluded.
In summary, progesterone is a key hormone that sustains pregnancy, and through either decreased systemic concentrations or changes in receptor isotypes, there is renewed interest in the long-standing proposal that progesterone withdrawal mediates the process of parturition [15, 17, 18, 51, 52] . Although there is little evidence to support a direct role for estrogens in cervical ripening and the process of birth [4, 13] , findings in the present study suggest that estradiol and progesterone stimulated hypertrophy, reduced collagen content and/or structure, increased density of nerve fibers, and limited the census of immune cells in the murine cervix. By contrast, the systemic withdrawal of progesterone temporally coincided with an increased presence of macrophages and neutrophils, as well as reduced collagen content and or structure. These findings suggest that progesterone withdrawal regulates immigration of immune cells and may be crucial for the process of cervical ripening. Progesterone effects on inflammation are indicated to be highly conserved across a number of vertebrate species and may reflect progestational-or glucocorticoid-mediated actions of this hormone. As part of the mechanism to complete ripening of the cervix, it remains to be determined whether withdrawal of the trophic actions of progesterone affects activation of innervation and immune cells. Evidence that vaginal progesterone may reduce the risk for early preterm birth and improve neonatal outcome in women with a short cervix [53] raises the possibility that immunosuppressive actions by gonadal steroids may sustain competency of the cervix and prolong pregnancy.
